Abstract This study aimed to evaluate the effect of the level of crude glycerin (CG) on in vitro fermentation kinetics (0, 20, 40, 60, and 80 g/kg DM of sugar cane silage), on in vitro neutral detergent fiber (NDF) degradation (0, 30, 60, and 90 g/kg DM of sugar cane silage), and intake and digestibility of nutrients and nitrogen balance (0, 20, 55, 82, and 108 g/kg DM of sugar cane silage) in lambs. The in vitro trials were conducted in a completely randomized design with three repetitions. The in vivo trial was conducted in a Latin square design with five repetitions (5×5). For variables in which the F test was considered significant, the statistical interpretation of the effect of CG substitution levels was carried out through regression analyses. Kinetic parameters were not affected by CG inclusion. On in vitro NDF degradation, a significant effect of CG levels was observed on the potentially degradable fraction of NDF, the insoluble potentially degradable fraction of NDF, and the undegradable NDF fraction. The intake and digestibility of nutrients and nitrogen balance were not affected by CG inclusion. The CG levels change in vitro NDF degradability parameters; however, there were no changes in animal intake, digestibility, and nitrogen balance with the inclusion levels used.
Introduction
Crude glycerin (CG), a byproduct chemically based on glycerol, has aroused interest from the scientific community for its use as an alternative energy source in ruminant diets. The effects of using it as a substitute for corn on performance, dry matter intake, and nutritional factors have been reported in literature (Donkin et al. 2007; Parsons et al. 2009 ). The effects of glycerol on food fermentation patterns, rumenmicroflora, in vivo digestibility, and nitrogen compound balance are however scarce for small ruminants, especially when tropical roughage is used.
Changes in ruminal fermentation caused by the inclusion of alternative foods may alter the amount of nutrients ingested that are capable to be absorbed, which depends on ruminal fermentation rate and residence time for microbial attack, and because the effective degraded fraction is a function of degradation and passage rates. The rate and extent of ruminal degradation also depend on the nature and content of cell wall components and on the availability of ruminal nitrogen. In this way, systems of chemical analysis with ruminal degradation kinetics enable a more accurate estimation of forage nutritive values (Mello et al. 2006) .
This study aimed to evaluate the effect of different levels of CG on in vitro ruminal fermentation kinetics, in vitro neutral detergent fiber (NDF) degradation kinetics, dry matter consumption and digestibility, and nitrogen balance in lambs fed on sugar cane silage.
Materials and methods
The experiment was conducted in the Research Laboratory in Ruminant Nutrition and Feeding (Laboratório de Pesquisaem Nutrição e Alimentação de Ruminantes-LaPNAR) of the Department of Agricultural and Environmental Sciences at the State University of Santa Cruz (Universidade Estadual de Santa Cruz-UESC), Ilhéus, Bahia, Brazil.
For sugar cane silage production, the sugar cane cultivar RB-72454 was used 18 months post-regrowth. To evaluate fermentation kinetics, in vitro gas production technique was used as described by Mauricio et al. (1999) . In vials of 50 mL, 0.3 g of the sugar cane silage and 28.125 mL of a culture medium were added (Theodorou et al. 1994) , along with levels of CG (0, 20, 40, 60 , and 80 g/kg DM sugar cane silage) in triplicate for each treatment. The chemical compositions of sugar cane silage and crude glycerin used in the incubation can be observed in Table 1 .
Gas pressure was measured at 0, 1, 2, 3, 4, 6, 8, 10, 12, 14, 16, 18, 20, 24, 28, 36, 48, 60, 72, 84, 96, 108, 120 , and 144 h after fermentation was commenced (0 h). Pressure measurements were converted to volume according to the equation estimated by Santos et al. (2010) : V=0.04755+1.9754*p+0.01407*p 2 , where V is gas volume (mL) and p is the gas pressure in the fermentation bottles (psi).
The kinetic parameters of cumulative gas production were evaluated according to the bi-compartmental model of Schofield et al. (1994) 
, where V is the volume of gas accumulated at time t; Vƒ1 is the maximum gas volume of the rapidly digested NFC (non-fibrous carbohydrates) fraction; C1 corresponds to the degradation rate (mL/h) of this same fraction (NFC); Vƒ2 corresponds to the maximum gas volume of the slowly degraded CF (fibrous carbohydrate) fraction; C2 represents the CF degradation rate (mL/h) and T and L refer to incubation time (hours) and latency (hours), respectively. The maximum gas volume (TV) produced was obtained by the sum of Vƒ1 and Vƒ2.
To evaluate neutral detergent fiber (NDF) degradation kinetics by gravimetric technique, the same model of incubation described for in vitro gas production was used, adopting 0, 2, 4, 8, 12, 24, 48, 60, 72, 96, 120, 144 , and 264 h postincubation as measuring times.
The treatments contained 0, 30, 60, and 90 g CG per kg DM of sugar cane silage. An exponentially decreasing function model corrected for latency time as described by Sampaio et al. (1995) was used to estimate the parameters: Y=A−B*exp(−c*t), where Y is the residue of NDF at time t; A is the potentially degradable fraction of NDF; B is the insoluble potentially degradable fraction of NDF; exp is the base of the Neperian logarithm; c is the degradation rate of ); and t is the incubation time (h). The undegradable fraction (I) was considered as 100-A.
For the in vivo experiment, five male lambs of undefined breed were used, with a mean starting weight of 22.83± 5.49 kg, randomly distributed in a 5×5 Latin square design with five CG inclusion levels and five collection periods, according to the mathematical model:
in which, Y ij =variable response, m=general mean, P i =effect of period i, A j =effect of animal j, t k =effect of treatment k, and ε ij(k) =experimental error.
To each animal or experimental unit, one of five treatments was randomly assigned, constituted of 0, 20, 40, 60, and 80 g/kg natural matter (NM) of sugar cane silage, representing 0, 28, 55, 82, and 108 g CG/kg DM sugar cane silage, respectively ( Table 1) .
The experiment was carried out over 105 days. Each experimental period consisted of 21 days, with 16 days of adaptation and 5 days of collection. Total fecal collection was carried out from the 17th to 21st day using synthetic leather collection bags. Urine samples were obtained from all lambs for total urine collection in recipient buckets placed on the floor, containing 100 mL sulfuric acid (20 %v/v) during the five experimental days.
Samples of the silage provided, feces, and leftovers were subjected to analyses of dry matter (DM), crude protein (CP), ether extract (EE), and mineral matter (MM) according to Association of Official Analytical Chemistry-AOAC (1990). For neutral detergent fiber (NDF) analysis, the analytical procedure proposed by Nocek (1988) , Mertens (1992) , and Licitra et al.(1996) was used. Lignin content was obtained according to Van Soest and Robertson (1985) . Non-fibrous carbohydrate (NFC), expressed in % DM, was calculated according to Hall (2000) as follows: 100−(%NDF+%CP+%EE+%MM).
Digestibility was calculated using the formula: ADC g/g = [NCON−NEXC/NCON] × 100, in which, ADC = coefficient of apparent nutrient digestibility, NCON=amount of nutrient consumed (g), and NEXC=amount of nutrients excreted (g). DM intake and nutritional compounds were obtained by the difference between feed offered and leftovers after 24 h. Nitrogen compounds were calculated by the difference between nitrogen ingested (NI) and nitrogen excreted (urine and feces).
Statistical analyses for the evaluation of fermentation and degradation kinetics in vitro were conducted in a completely randomized design with three repetitions. For the in vivo trial, statistical analyses were conducted in a Latin square design with five repetitions. For variables in which the F test was considered significant, the statistical interpretation of the effect of CG substitution levels was carried out through regression analyses. All statistical procedures were carried out in the statistical program SAS, meeting all presuppositions for the errors.
Results
There was no significant effect (P>0.05) for any kinetic parameters of in vitro ruminal fermentation evaluated according to different CG levels (Table 2) .
Regarding the parameters adjusted from in vitro NDF degradation kinetics of sugar cane silage, a significant effect of CG levels (P<0.05) was observed on the potentially degradable fraction of NDF (A), the insoluble potentially degradable fraction of NDF (B), and the undegradable NDF fraction (I) ( Table 3) .
The fraction A (%) was 8.49 % higher for the substrate with 90 g/kg DM of CG as compared to the control substrate. On the other hand, fractions B (%) and I (%) were respectively 49.90 and 10.86 % lower for the substrate containing 90 g/kg MS of CG as compared to the control substrate. Vƒ1 maximum gas volume of the NFC (non-fibrous carbohydrate) fraction, C1 degradation rate of NFC fraction, L latency time, Vƒ2 maximum gas volume of the FC (fibrous carbohydrate) fraction, C2 degradation rate of FC, TV maximum gas production volume from total carbohydrates, SEM standard error of the mean *α=0.05 probability for Type I error
Regarding the in vivo trial, CG inclusion in sugar cane silage up to 108 g/kg DM did not affect (P>0.05) the intake of DM, OM, NDFap, CP, NFC, EE, and TDN (Table 4) .
The inclusion of CG up to 108 g/kg DM in sugar cane silage did not influence (P>0.05) the apparent digestibility coefficients of DM, OM, NDFap, NFC, CP, and EE (Table 5 ).
There was no significant effect (P >0.05) observed for the levels of CG on consumed, fecal, urinary, or retained N (g/animal/day) ( Table 6 ).
Discussion
The values observed for the kinetic parameters studied can be better associated with the chemical composition of the silage than the inclusion of CG.
The inclusion of CG at up to 80 g/kg DM sugar cane silage did not affect the adherence of rumen microflora to the food particles (stage prior to degradation), growth, and bacteria activity during the fermentation of sugar cane silage, which can be observed by the non-significant effect (P>0.05) obtained for latency time (L) (Y=7.91 h) ( Table 2) .
No significant effect (P>0.05) of CG levels was observed for TV (mL g −1 MS), presenting a mean value of 195.29 mL g −1 DM. The value observed for total gas production is possibly related to the low NFC value of sugar cane silage, as shown by the chemical composition (Table 1) . Oliveira Filho et al. (2015) evaluated the addition of CG up to 80 g/kg DM in sorghum silage, and only observed differences in volume and rate of digestion of non-fibrous carbohydrate (Vƒ1 and C1), indicating a need for research to evaluate which kinds of rumen microorganisms, mainly bacteria, are more sensitive to high levels of CG.
The mechanism of action of CG (glycerol) on ruminal microorganisms is still unknown. It is however believed that glycerol can make the substrate less accessible to microbial cells due to an inhibitory action of glycerol through inhibiting or altering the action target of cellulases from microorganism or through modifying its affinity to the substrate and to the NDFap neutral detergent fiber corrected for ash and crude protein, NFC non-fibrous carbohydrates, TDN total digestible nutrients, SEM standard error of the mean, LW live weight *α=0.05 probability of Type I error alteration on bacteria wall cell permeability by glycerol, which modifies cellulose excretion (Rogers et al. 1992) . In this study, no inhibitory effects from CG (glycerol) were observed on kinetic parameters evaluated, which can be verified by the non-significant effect (P>0.05) of CG level on L, Vƒ1, C1, Vƒ2, C2, and TV values (Table 2) . Similar results for TV (mL g DM) were obtained (Meale et al. 2013 and Avila et al. 2011 ) using crude glycerin concentrations in diets of wheat grain (12 % DM) and barley grains (21 % DM), respectively.
The mean value of C1 (0.105 h
) observed for sugar cane silage was observed to be below the limits described by Lanzas et al. (2007) . This finding can be related to the fact that the NFC fraction of sugar cane silage is constituted by reminiscent soluble sugars and organic acids, in which the latter presents instantaneous ruminal degradation and the soluble sugar contributes as an energetic substrate promptly available for ruminal fermentation.
Differences in fiber digestibility can also be attributed to the ability that microorganisms have to adapt to CG in the diet (Parsons and Drouillard 2010) and as the rate of glycerol disappearance can increase with time, NDF degradability can be potentially improved due to the adaptation of ruminal microorganisms (Krehbiel 2008) .
The inclusion of CG favored digestibility of fraction A of sugar cane silage, with an increase of 0.526 % in degradation estimated for each 10 g of CG per kg of DM (Table 3 ). This result can be related to the higher ability of microorganisms to use an energetic substrate (glycerol) in microbial activity, because sugar cane silage has a lower availability of soluble carbohydrate due to the consumption of these compounds during the fermentative process in the silo. The associative effect among energetic sources in the silage (NFC) and CG (glycerol) can favor fraction A degradation. Consequently, the inclusion of CG linearly reduced (P<0.05) the insoluble potentially degradable fraction of NDF (B), with a 1.71 % decrease in the degradability of this fraction for each 10 g CG/kg DM. The same behavior was observed for the undegradable fraction of NDF (I) (P<0.05) with a 0.526 % decrease for each 10 g CG/kg DM (Table 3) .
The degradation rate (C) of the insoluble potentially degradable fraction of NDF of sugar cane silage was not affected by the inclusion of different CG levels (P>0.05), with a mean value of 0.0343 h −1 estimated (Table 3) . These findings allow the inference that although the inclusion of CG interferes with fraction B degradation; its degradation rate remains constant. Similar results for fractions B and C were obtained by Oliveira Filho et al. (2015) when evaluating the inclusion of CG up to 90 g per kg DM of sorghum silage. Peripolli et al. (2014) , however, did not observe differences in ruminal degradation parameters of NDF when evaluating the substitution of corn by glycerol at levels up to 12 %. NDFap neutral detergent fiber corrected for ash and protein, NFC non-fibrous carbohydrates, TDN total digestive nutrients, SEM standard error of the mean *α=0.05 probability of Type I error The non-significant effect (P>0.05) of CG levels on DM intake and a similar proportion of nutritional compounds in the diets can explain the non-significant (P>0.05) effect of CG levels on OM, NDFap, CP, NFC, EE, and TDN intake.
These results can be associated more with the chemical composition of sugar cane silage than to CG. The low voluntary ingestion can be attributed to the NDF content of sugar cane silage showing low fiber quality, which could also be observed through the apparent digestibility coefficient of NDFap in the digestive tract totaling 0.3854 g/g (Table 5 ), which probably influenced the rate of digestion passage. In addition, the NDF level of the forage cannot be considered as the only limiting factor of forage consumption. Factors such as the chemical composition of NDF (lignin type and content and their physical-chemical interaction with the other components), dimension of potentially degradable (NDFpd) and undegradable (NDFi) fractions, initial size, density, and fragility of particles, as well as the ruminal microbial activity should be considered as directly affecting the parameters of degradation and transit dynamics through the digestive tract, which modulate the effects of NDF on the consumption and digestion of nutrients (Lund et al. 2007) . Barros et al. (2015) , Lage et al. (2014) , and Gunn et al. (2010) found negative linear responses over the DM intake in lambs, evaluating CG inclusions of up to 10.84, 12, and 20 % of the diet, respectively. Moreover, Souza et al. (2015) reported increases in DM, EE, and NDFap intake with the inclusion of 60 g CG/kg DM in the diet of lambs in confinement. The authors attributed the increased intake of NDFap, to selective intake of roughage fraction, in a possible attempt to meet the nutritional needs, since the large proportion of the diet was 300 g/kg.
In accordance with the present work, Avila-Stagno et al. (2013) , Chanjula et al. (2015), and Oliveira Filho et al. (2015) found no differences in DM and nutrient intake in lambs fed diets with inclusion levels of 21, 20, and 7 % CG in DM, respectively.
Although an influence has not been observed (P>0.05), the inclusion of CG on DM and nutritional compounds digestibility, it has been observed in the literature that adding CG can adversely affect the cellulolytic activity in the rumen, decreasing digestion of fibers (Rogers et al. 1992; . Paggi et al. 2004) . However, in this study, no differences were observed in apparent digestibility coefficients of DM, OM, NDFap, NFC, CP, and EE (Table 5) .
Similar results in the present study were also obtained by Oliveira Filho et al. (2015) and Avila-Stagno et al. (2013) that did not verify differences in the apparent digestibility coefficients of DM, CP, and NDFap. In general, the absence of glycerol effects on in vivo digestibility (Krueger et al. 2010) and in vitro digestibility (Avila et al. 2011) has been reported in the literature.
No significant effects were observed for the levels of sugar cane silage (0, 28, 55, 82 , and 108 g/kg DM) on N ingestion (6.04 g/day), fecal excretion (1.14 g/day), and urinary excretion (2.83 g/day), resulting in a positive nitrogen balance of 2.06 g/day. This fact may have led to an inference of equilibrium and synchrony of protein and energy sources of the diets, as the protein to energy ratio did not affect nitrogen retention.
The increase of glycerol with the inclusion of CG levels probably did not affect the growth of bacteria and, consequently, N retention, as when the CG quantity was elevated, no differences in retained N quantity were observed (P>0.05).
Conclusion
The CG levels analyzed altered the in vitro NDF degradability parameters; however, there were no changes found relating to parameters of in vitro fermentation kinetics and animal intake, digestibility, and nitrogen balance when the levels of CG inclusion used were altered.
